SUMMARY' Hearts of late fetal mice were maintained in organ culture in the presence of 30-100 m.vi sucrose or mannitol. Activities of several lysosomal enzymes (cathepsin D, /3-acetylglucosaminidase, acid phosphatase) were increased by up to 30% after 18-24 hours and by up to 50% after 48-72 hours, as compared to enzyme activities in litter-matched hearts maintained in control medium or medium supplemented with equimolar urea. Simultaneously, the ratio of nonsedimentable to sedimentable enzyme activity was significantly increased, suggesting increased lysosomal fragility. Light and electron microscopic examination of the hearts revealed marked vacuolization in myocytic, interstitial, and endothelial cells. The vacuoles were limited by single membranes, often contained particulate or amorphous cellular debris resulting from autophagocytosis, and in cytochemical preparations frequently exhibited an electron-dense reaction product indicative of acid phosphatase activity. Hydrocortisone failed to prevent the marked lysosomal activation induced by the sugars. In conclusion, prolonged exposure to nonmetabolizable sugars induces severe lysosomal derangements with prominent autophagy, in fetal mouse heart maintained in organ culture.
PHYSIOLOGIC solutions made hypertonic by the addition of nonmetabolizable sugars such as sucrose or mannitol are known to cause improvements in cardiac contractility in vitro and in vivo '~3 and to increase blood flow in many vascular beds including the heart. 2 -4 - 5 In addition, hypertonic mannitol has been shown to exert protective effects on myocardial ultrastructure during or following relatively brief periods of hypoxic or ischemic injury. 6 These effects have been presumed to occur, at least in part, because of the ability of these sugars to cause cellular dehydration by their osmotic effect. This, in turn, has led to suggestions that infusion of nonmetabolizable sugars may be useful clinically in the preservation of myocardium for transplantation or during extended open heart surgery 7 and in the presence of ischemia, 5 -8 when cellular edema might contribute to cardiac malfunction and inadequate coronary flow.
The rationale for such an approach is based on the inability of sugars such as sucrose and mannitol to penetrate cell membranes readily. In short-term experiments (minutes to hours) these sugars are effectively confined to the extracellular space, where they exert a potent osmotic effect. Over longer periods (hours to days), however, the situation may be different because the sugars can gain access to the intracellular space of some tissues via endocytosis. 9 " 13 When this occurs, the tissues may become engorged with sugar-containing vacuoles, and extensive biochemical and ultrastructural alterations may develop, specifically in the lysosomal system . i> " 16 Previous studies of the actions of hyperosmotic, nonme-tabolizable sugars on the heart generally have been confined to short-term experiments. Accordingly, the present study was undertaken to test how exposure to sucrose or mannitol for 1-3 days might affect myocardial tissue. Since conventional preparations for studying the heart under controlled conditions are stable for only a few hours, we used as the experimental model fetal mouse hearts in organ culture, which function stably in vitro for several days or weeks. 17 
Methods

ORGAN CULTURE
Intact hearts of 18-to 20-day fetal mice were maintained in organ culture as described in detail previously. 17 Briefly, the hearts were isolated under sterile conditions and explanted on stainless steel grids at the liquid-air interphase of shallow culture chambers. They were exposed to an atmosphere of 95% O 2 + 5% CO 2 and a nutritive solution of 50% commercially prepared Earle's salt solution (Grand Island Biological Co.) + 50% fetal calf serum (Colorado Serum Co.) supplemented with insulin, 50 /xg/ml (Schwarz/Mann). When prepared in this manner, the hearts, which weigh 2-5 mg and measure ~1 mm in thickness, maintain relatively stable patterns of beating and metabolism for several days or weeks and thus allow studies of long-term or delayed effects of experimental agents to be accomplished. 18 -' 9 Studies of sucrose effects were made by comparing hearts maintained for 18-72 hours in control medium (osmolality = -250 mOsmol/kg H 2 O) with hearts of matched littermates maintained for an identical period under identical conditions in medium supplemented with 30-100 mmol/liter sucrose or mannitol (osmolality = -280 to -350 mOsmol/kg H 2 O). Concentrations in this range are known to induce near-maximal hemodynamic changes 1 -2 and to improve coronary flow in ischemia, 5 as well as to induce lysosomal alterations in some tissues other than heart. 12 ' 14 In some studies, comparisons also were made with
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hearts exposed to hydrocortisone (1.0 /xg/ml as the sodium succinate salt) and to hydrocortisone plus sucrose. Urea (30-100 mmol/liter), an agent that penetrates cells fairly readily and which is not believed to activate lysosomes in other tissues, was tested under similar conditions.
BIOCHEMISTRY
After cultivation, hearts were assayed for protein and for activities of cathepsin D, /3-acetylglucosaminidase, and acid phosphatase (all of which are localized at least partially in lysosomes in heart). For measurements of total enzyme activity, the hearts were homogenized vigorously in a 0.1% solution of Triton X-100 with a Polytron homogenizer to disrupt cells and organelles maximally. Cellular debris was sedimented at 350 g for 5 minutes, and assays were performed on the supernatant fraction. Protein was measured by the technique of Lowry et al. 20 The lysosomal enzymes were assayed by modifications of the methods of Barrett 21 as described previously. 22 Briefly, cathepsin D activity was determined from formation of Folin-reactive products from purified hemoglobin at pH 3.2 and 45°C (Barrett's method II); glucosaminidase, from cleavage of nitrophenol from p-nitrophenyl-/3-D-glucosaminidase at pH 4.3 and 37°C; and acid phosphatase, from cleavage of nitrophenol from p-nitrophenyl phosphate at pH 4.5 and 37°C after inhibition of nonlysosomal phosphatases with sodium acetate. 21 For measurements of sedimentable vs. nonsedimentable enzyme activity, hearts were homogenized gently for 20 seconds in a Potter-Elvehjem homogenizer, using a buffered solution (pH 7.4) of 0.25 M KC1 to retain intact lysosomesinsofar as possible. 23 After initial centrifugation at 350 g to remove undisrupted cells, nuclei, and debris, the supernatant fraction was recentrifuged at 40,000 g for 20 minutes. The supernatant fraction from this second centrifugation was assayed for enzyme activity (termed nonsedimentable activity). The ratio of nonsedimentable to total (i.e., sedimentable plus nonsedimentable) activity was calculated as an index of lysosomal fragility and/or the presence of enzyme outside of lysosomes. 22 Samples were maintained at 4°C at all times until assay. Three to six hearts from a single litter were pooled to provide enough material for the assays. In all studies, results from hearts exposed to the experimental agents were compared to results from control hearts from matched littermates that had been cultured and assayed at the same times under the same conditions. Statistical comparisons were made using Student's f-test for paired observations.
LIGHT AND ELECTRON MICROSCOPY
Control hearts for light and electron microscopy were obtained at zero time (immediately after removal from the fetus and placement into the culture dish), and at the end of 1 and 3 days in culture. Hearts of matched littermates were maintained under identical conditions in sucrosecontaining medium, and fixed at I and 3 days.
For routine light microscopy, hearts were fixed in 10% formalin, embedded in paraffin, and cut into multiple 6-/xm sections which were stained with hematoxylin and eosin or by the periodic acid-Schiff method. Additional hearts were fixed by immersion in 3% glutaraldehyde in 0.1 M cacodylate buffer at pH 7.4, rinsed in 0.22 M sucrose in 0.1 M cacodylate buffer at pH 7.4, and postfixed in Palade's Veronal acetate-buffered 1 % osmium tetroxide. 24 Tissues were dehydrated through graded alcohols and propylene oxide and embedded in Mollenhauer's Epon-Araldite mixture no. 1. 25 For light microscopy, plastic sections were cut at an approximate thickness of 1-fj.m and stained with toluidine blue. For electron microscopy, ultrathin sections were stained with alcoholic uranyl acetate and Reynold's lead citrate, 24 and examined with a JEOL model 100C electron microscope.
In addition to routine electron microscopic preparations, acid phosphatase cytochemistry was performed on 40-/j.m-thick tissue chopper sections of glutaraldehydefixed material, using the Gomori lead capture method with sodium /8-glycerophosphate as substrate as described by Mercer and Birbeck. 26 Following incubation for 30 minutes at 37°C in the histochemical medium at pH 5.0, chopper sections were washed in 0.5 M acetate buffer, pH 5.0, followed by several washes in cacodylate-buffered sucrose, and were postfixed in osmium tetroxide and processed as described above. Ultrathin sections of the cytochemical preparations were examined with and without lead citrate staining.
Results
BIOCHEMISTRY
Beating persisted throughout 1-to 3-day culture periods in all hearts, and beating rates during that period were similar for control hearts and for those exposed to sucrose or mannitol, both in absolute rates and in the incidence of atrioventricular dissociation and other arrhythmias. Total protein content also was similar for all hearts: hearts exposed to sucrose (30-100 min) for 1-3 days contained 98 ± 3% of control values.
In contrast, activities of lysosomal enzymes were significantly increased after exposure to nonmetabolizable sugars, as shown in Table 1 . Of the three enzymes assayed, cathepsin D was altered most drastically and there were smaller changes in /3-acetylglucosaminidase and acid p-nitrophenylphosphatase: The degree of lysosomal enzyme alteration was a function of both the duration of exposure to the sugar and the concentration. The largest increases occurred during the first day or two (Table 2) . Sucrose at a concentration of 100 mM caused approxi- mately twice as great an increase as did a concentration of 30 MM (Fig. 1 ). Even at the smaller concentrations, however, significant increases in total enzyme activity already were present within the first 24 hours. Major changes occurred not only in the total activities of lysosomal enzymes but also in their distribution within the tissue. As shown in Figure 2 , there was a disproportionate increase in enzyme activity in the nonsedimentable fraction of the homogenate. The proportion of activity that could be recovered in the sedimentable (i.e., intact particulate) fraction fell by 9 ± 1.9% (from 54% to 45%) and suggested increased fragility of the lysosomal organelles and/or increased presence of enzyme outside organelles.
The observed changes seemed specific for nonmetabolizable substances that enter cells by endocytosis. Thus, sucrose and mannitol yielded qualitatively similar increases in lysosomal enzymes, but equimolar doses of urea caused decreases of 2-11 % in the activities of cathepsin D, acid phosphatase, and glucosaminidase after 3 days under identical conditions. Hydrocortisone, which itself alters lysosomal enzyme activity in cultured hearts 27 and which is known to inhibit release of lysosomal enzymes from sucrose-stimulated limb bone rudiments, 14 had no effect on the ability of sucrose to generate increases in lysosomal enzymes. In hearts cultured for 3 days in medium containing 1.0 fj.g/m\ hydrocortisone + 100 mM sucrose the activity of cathepsin D was 20-30% greater than that of hearts of matched littermates maintained in hydrocortisone-supplemented, sucrose-free medium (compare Table 2 ). Sucrose-induced modification of the distribution of the enzymes was also unaltered by the steroid: nonsedimentable activity of glucosaminidase still rose by 9 ± 2.6% (compare Fig. 2) .
Because insulin is known to alter lysosomal properties in this model 18 as well as to modify some of the nonlysosomal effects of hydrocortisone, 27 the experiments were repeated in the absence of insulin. The effects of sucrose and of hydrocortisone on lysosomal enzyme activities were not altered by elimination of insulin from the medium.
LIGHT AND ELECTRON MICROSCOPY
Studies of cardiac morphology correlated well with the biochemical findings. Control hearts showed generally well preserved cytology and ultrastructure after 1-3 days of cultivation (Figs. 3 and 4) . Several myocytes, however, exhibited a few small autophagic vacuoles and residual bodies, which frequently contained cellular debris (Fig. 4) . In addition to this mildly increased phagocytic activity in otherwise normal areas, the cultured control hearts routinely showed small central (subendocardial) regions of degeneration and necrosis. Occasional large phagosomes containing dense, degenerate segments of myocytes were observed throughout the tissue but especially in areas adjacent to the necrotic centers (Fig. 4) . The above findings, which also occurred in the sucrose-treated hearts (Fig. 5) , appeared to result from the conditions employed in vitro.
The sucrose-treated hearts were characterized by the presence of prominent vacuolization that involved myocytes as well as interstitial, endothelial, and epicardial cells (Figs. 3, 5, and 6 ). The degree of vacuolization increased progressively in all cell types from 1 to 3 days in culture (Fig. 3) . Interstitial cells were most severely affected, and frequently appeared as large foam cells ( 
E .
FIGURE 3 Light micrographs oftoluidine blue-stained plastic sections (1 \xm thick) of fetal mouse hearts maintained in organ culture for 1 -3 days. A: section from fetal mouse heart cultivated for 1 day in standard (sucrose-free) medium. Myocardium adjacent to the epicardialsurface (E) is compact and not vacuolated (only a few small vacuoles are seen). Dark structures represent erythrocytes in capillaries (arrows). B: section from fetal mouse heart cultivated for 3 days in standard medium. Myocardium is compact and is devoid ofvacuolization. Again note the epicardial surface (E). C: section from fetal mouse heart grown in 100 mM sucrose-containing medium for I day. Clear vacuoles are seen in epicardial (EC), myocytic (MC), endothelial (arrow), and interstitial (IC) cells. D: section from fetal mouse heart grown in 100 mM sucrose-containing medium for 3 days. Epicardial (EC) and interstitial cells (IC) are filled with numerous vacuoles. Myocytes (MC) also, contain vacuoles but in lesser numbers. Several of the vacuoles in the myocytes appear lucent (double arrows), while others appear more opaque (arrows). A, B, C, D, all 500x. The scale represents 10 fim.
3). Ultrastructural study revealed a pleomorphic population of single membrane-lined vesicles and vacuoles of various sizes (Figs. 5 and 6 ). Partial fusion of vacuoles was frequently identified. Some vacuoles were clear, whereas others contained granular material, membranous debris, or amorphous dense material. Ultrastructural study suggested that this cellular debris was derived from fusion with autophagosomes (Fig. 6 ). In the cytochemical preparations, many vacuoles, especially those of smaller size, exhibited an electron-dense reaction product indicative of acid phosphatase activity (Fig. 6) . Mitochondria, nuclei, and other nonlysosomal structures retained their normal appearance, even in cells that were severely engorged with vacuoles.
Discussion
Since the discovery some years ago that nonmetabolizable sugars can produce vacuolization of several types of cells in vivo and in vitro, 28 -29 there have been several studies of the phenomenon in attempts to define the mechanisms involved. Trump and Janigan 15 and Brewer and Heath 16 drew attention to the lysosomal nature of the vacuoles, and Wattiaux et al. 9 observed that hepatic lysosomes are enlarged and abnormally fragile after sucrose injection. Noting that sucrose itself is located within the lysosomal fraction, Wattiaux went on to suggest that the vacuolization is the consequence of endocytotic uptake of sucrose with its subsequent incorporation into secondary lysosomes; in the absence of invertases capable of digesting such sugars within the lysosomes, the sequestered sugars would produce an osmotic inflow of water into the vesicles and cause them to become dilated. Munro 10 used time-lapse cinematography of cultured fibroblasts to confirm that vacuolization developed through endocytosis and abnormal persistence and enlargement of the resultant
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vesicles. Munro 10 and Nyberg and Dingle" suggested that the large size of the vacuoles probably is due to fusion of smaller vesicles as well as to hydration. Electron microscopic studies of limb bone rudiments by Glauert et al., 13 supported this view and demonstrated that sucrose-induced lysosomal vacuoles are heterogeneous and may contain a great variety of membranous, fibrous, and granular material.
Sugar-induced vacuolization of liver, fibroblasts, and cartilage has been shown to be accompanied by marked increases in the activities of lysosomal hydrolases.
-
14 The changes develop fairly slowly, increasing with time over a period of several days, and the extent of enzyme increase is concentration-dependent.
14 Both the biochemical and the morphological abnormalities vary somewhat with the type of nonmetabolizable sugar used, the effects of melezitose and stachyose being most severe and those of sucrose intermediate, followed by mannitol, sorbitol, and dextran; metabolizable sugars (e.g., maltose) and nonsugar agents produce no changes.' 2 -14 It is noteworthy that not all cell types respond to nonmetabolizable sugars in the manner just described. 30 Nevertheless, the results of the present study indicate that nonmetabolizable sugars produce changes in the structure and lysosomal enzyme activities of fetal mouse hearts in organ culture that are remarkably similar to those observed previously for hepatic, renal, fibroblastic, and cartilaginous cells. The vacuolization and development of large, complex lysosomal structures that occur in heart tissue is almost identical in appearance to the changes demonstrated in limb bone rudiments by Glauert et al., 13 though the alterations appear somewhat more rapidly in heart. As in other tissues, marked increases in cardiac lysosomal enzyme activities occur simultaneously with the structural changes. Enzyme activity is proportionally greater in the nonsedimentable fraction of the tissue, presumably reflecting increased fragility of the giant lysosomal organelles during the homogenization procedures.
Fetal mouse hearts cultured under control conditions exhibit generally well preserved ultrastructure. With regard to lysosomal structures specifically, typical autophagic vacuoles and residual bodies are present after 1-3 days of culture in some cells of control hearts, as has been described previously by Sybers et al. 31 and Ingwall et al., 32 but are much more common in sucrose-treated hearts, and result in prominent vacuolization. Acid phosphatase reaction product can be demonstrated cytochemically in many of the vacuoles. These secondary lysosomes occur in all cell types, including myocytes, but they are most extensive in interstitial cells, some of which assume the form of giant foam cells containing multiple vacuoles as well as phagocytosed fragments of other cells. Although specific data are lacking for cardiac tissue, much inferential evidence suggests that endocytotic processes in skeletal muscle are less active in myocytic cells than in interstitial or endothelial cells. 33 It seems likely, therefore, that the more marked derangements that develop in nonmyocytic cells are a passive reflection of their having taken up and sequestered more of the sugar.
Nevertheless, many of the myocytes, themselves, are affected quite extensively. It is of special interest that nonlysosomal structures (mitochondria, nuclei, etc.) within the cytoplasm of sucrose-treated hearts retain a normal appearance, suggesting that the severe abnormalities of the lysosomal system are quite isolated and discrete. These observations are in agreement with previous studies indicating that multiple, small, discrete foci of autophagocytosis can occur in the absence of generalized cellular degeneration. 34 It should be pointed out that the changes observed in fetal mouse hearts and other organ and cell types probably do not represent specific toxic effects of sugars, and that similar alterations probably would result from prolonged exposure to any osmotically active, nonmetabolizable substances which do not readily gain access to the intracellular compartments except by endocytosis.
Demonstration of specific cardiac lysosomal derangements after prolonged exposure to nonmetabolizable sugars suggests that this model may be useful in helping to determine what role, if any, lysosomes may play in cardiac metabolism. Although important involvement of lysosomes in degradative processes in many cell types (e.g., liver, migratory cells, and connective tissues) seems well established, the role of these organelles in the turnover of myocardial constituents is much less clear; as reviewed recently,' 5 opinions that have been advanced range from the view that there is a central and essential role of lysosomal enzymes in normal protein degradation in the heart, to the view that lysosomal enzymes, if they are important at all, exert significant cardiac effects only in near-terminal catabolic states or in postnecrotic autolysis. It seems likely that measurement of the degradation rates of total cardiac protein and of individual compounds (e.g., specific myofi- brillar and mitochondrial proteins) after sucrose treatment may shed light on how lysosomal derangements can alter cardiac degradative processes. Of course, it is important in this regard to realize that tentative extrapolations to normal cardiac physiology in vivo from results obtained with fetal hearts in an artificial culture environment (whatever the advantages of the system as an experimental model) must be made with care.
Nevertheless, we believe that the present results serve to sound a note of caution. A major rationale for using nonmetabolizable sugars in the treatment of heart disease has been that they are expected to reduce cell size and improve blood flow.
'
8 They undoubtedly do this in early stages. It is also noteworthy that significant cardiac complications have not been reported in routine clinical use of mannitol in noncardiac conditions. The present experiments demonstrate, however, that with longer periods (such as would probably be necessary for the effective treatment of ischemia) they may possess the capability of exerting the opposite effect: endocytosis of the sugars may ensue, at least in some types of cardiac cells, leading to massive cellular vacuolization and swelling, along with the theoretical possibility of significant restriction of coronary flow.
The changes observed in the present study developed after continuous exposure to hypertonic sugar solutions added to an artificial medium, in an in vitro system devoid of blood flow. It remains quite possible that adult hearts treated in vivo or maintained in vitro by artificial perfusion may not display the same degree of endocytosis of nonmetabolizable sugars and resultant lysosomal derangement as shown in these experiments. Indeed, Ferrans et al. 7 observed good function, prevention of interstitial edema, fewer ultrastructural alterations, and no phagocytic vacuole formation in isolated, adult, canine hearts preserved in vitro for 18 hours at 8-10°C by perfusion with a solution (316 mOsmol) of filtered plasma containing 60 mOsmol of low molecular weight (60,000-90,000) dextran, as compared to hearts perfused for 18-24 hours with filtered plasma alone (256 mOsmol); however, dextran penetrates less readily out of the vascular space than does sucrose or mannitol, so that less would be available for endocytosis and, in addition, endocytosis probably would have been significantly inhibited by the hypothermic conditions employed.
Thus, although the present study demonstrates the potential for hypertonic sugars to exert deleterious effects on fetal mouse hearts, we would be unwilling on the basis of these findings along to indict the proposed clinical usage of mannitol for improvement of cardiac function during ischemia or for organ preservation. It would seem prudent, however, for tests of the delayed effects of mannitol in vivo to be made in experimental animals, with attention directed toward analyzing possible alterations in cardiac ultrastructure, lysosomal function, and coronary flow after several hours or days, before protracted treatment of patients with the drug is attempted.
